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We study previously introduced models of pseudo Nambu-Goldstone boson Higgs from linearly
realized minimal coset SO(5)/SO(4) and matter in the fundamental in supersymmetric theories.
Partial compositeness is at work for top and electroweak gauge fields. New states potentially relevant
for LHC signatures are identified and we show how to reinterpret existing experimental results as
exclusion bounds. The lightest colored particles, with a mass below the TeV, are fermionic and
scalars top partners. We outline a viable mechanism originating masses of other Standard Model
quarks: they result from the generation of dimension five operators in a non minimal flavor violating
context. We study the impact of such operators on flavor processes and we show how experimental
bounds are satisfied.
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I. INTRODUCTION
After the discovery of a 126 GeV boson at the LHC
[1, 2] the spectrum of the Standard Model (SM) has
been entirely observed if this particle is identified with
the Higgs boson. At the same time from an effective the-
ory point of view such a value for the Higgs boson mass
is highly unnatural and ameliorations of this problem are
achieved if the SM is embedded in a larger theory. Any-
how explaining why no signal of such a theory has not
revealed yet retaining the concept of naturalness is be-
coming more and more challenging as long as search for
new physics phenomena does not yield positive results.
After Run I of LHC a tension has grown between the
need of Beyond the SM (BSM) physics close to the elec-
troweak (EW) scale and bounds on BSM particles: the
concept of naturalness has to be revised and we have to
accept a certain level of Fine Tuning (FT).
Among possible extensions of the SM Supersymmetry
(SUSY) is the most studied one: SUSY partners, in par-
ticular of the Higgs boson and of the top quark, should
improve the ultraviolet (UV) behaviour of the theory.
The bounds on the appearance of such partners are a
classical example of the little hierarchy problem men-
tioned above.
Another different approach is offered by theories in
which the Higgs scalar is a bound state of a new strong
dynamics [3, 4]: the UV divergencies responsible for the
SM hierarchy problem would be cut off at a scale at which
the Higgs is resolved in its constituents. In this way a
minimal and unavoidable amount of tuning, namely the
separation between the weak scale and this new scale
typically of the order of the TeV, is accepted. A clever
idea to dynamically generate this separation is to embed
the Higgs boson in a strongly interacting theory, con-
trolled by a large coupling g∗, in which it emerges as
a pseudo Nambu Goldstone boson (pNGB) of a sponta-
neously broken global symmetry and hence as a tree level
flat direction, and rely on radiative corrections to give it
a potential capable to break the EW symmetry [5].
To couple such a Higgs boson to SM fermions and
gauge bosons partial compositeness [6, 7] is often ad-
vocated: SM states mix with bound states of this new
sector and interactions with the Higgs are consequently
induced. At the same time partial compositeness does
not respect the global symmetry of the strong sector
and therefore, together with any other source of explicit
breaking, it is responsible for the pseudo nature of the
NG boson: with the strong sector in isolation the Higgs
in the effective action would remain a flat direction, being
the global symmetry only spontaneously broken, without
any explicitly violating term. Partial compositeness pre-
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2dicts the existence of partners with the same quantum
number of SM fields. They live at the scale g∗f but
some of them have to be lighter, as pointed out in ef-
fective models [8–11], if we want to correctly reproduce
the Higgs mass: notice that if this is not the case and the
BSM sector is consistently characterized by a single mass
scale the Higgs is generically expected to be too heavy.
There has been a lot of research activity along this
line, recently summarized in an up to date review [12].
Considerable results have been achieved employing holo-
graphic techniques: it is believed that models with addi-
tional compact space dimensions find their sensible UV
completions in string constructions. Four dimensional
purely fermionic completions, without unnatural scalars,
have also been looked for [13–15], the main obstruction
being the lack of techniques to tackle strongly coupled
theories. In this paper we explore a different route and
we exploit the virtues of supersymmetry, namely we con-
sider infrared (IR) theories arising below a certain scale
Λ as Seiberg dual of some SQCD like theory. The SM
gauge group is embedded in a larger flavor symmetry and
SM gauge couplings are faint with respect to the gauge
coupling of the SQCD, and in first approximation they
can be neglected along the RG flow, with some excep-
tions. At sufficiently low energy, since the SQCD is in
the so called magnetic free phase, SM gauge interactions
are important. At very high scales, while the SQCD in
the electric phase is asymptotically free the same is not
true for the SM gauge group because of the presence of
many new charged fields: we eventually have the appear-
ance of Landau poles.
These models fall in a class of SUSY Composite Higgs
Models (CHM) studied in [16]. They consist of the fol-
lowing structure: SSM fields (without the Higgs and pos-
sibly without the right top), a second sector denoted as
composite providing a NG boson with the quantum num-
ber of the SM Higgs and a third hidden sector commu-
nicating, without spoiling the spontaneous breaking of
the global symmetry, a soft SUSY breaking needed for
obvious experimental reasons. For the purposes of this
discussion neither the origin nor the mediation of SUSY
breaking ought to be further specified. Note that given
the embedding of partial compositeness into the super-
potential stops and left sbottoms are also realized as par-
tially composite states.
Aim of this article is to investigate CHM in SUSY the-
ories, in particular we focus on incarnations introduced
in [17]. They are based on a minimal coset SO(5)/SO(4)
linearly realized with SM fields in the fundamental and
top fermion fully or partially composite. For non top SM
fermion masses we depict a different mechanism other
than partial compositeness, driven also by the fact that
their impact on the Higgs potential is negligible: we avoid
a proliferation of partners that otherwise would dominate
the running of the gauge couplings and make Landau
poles appear at low energies, ruining the structure gener-
ating a pNGB Higgs. We instead assume the generation
at some high scale of dimension five operators coupling
a quark superfield bilinear with a pair of “quarks” of the
composite sector, flowing in the IR to the SM Yukawa
couplings: a mass separation from the EW scale is fa-
vored. In generic CHM partial compositeness moderates
flavor violations [18]; in our configuration we do not intro-
duce fermionic partners for quarks but on the other hand
we inherit the flavor problem of SUSY, hence we assume
a sufficient level of alignment for squark masses: in this
situation we discuss how the presence of additional di-
mension five operators is harmless. We also elaborate on
experimental signatures and consequent exclusions from
collider experiments, namely from LHC data analysis.
We show how to reinterpret current searches as bounds
on supersymmetric CHM.
The paper is organized as follows: in section II we re-
call the models introduced in [17]; the case of a partially
composite right top is investigated in section III, where
the expected BSM particles’ spectrum is presented: lim-
its from available experimental observations are derived
in section IV. In section V we discuss a deformation of
the vacuum of the theory and we link it, in section VI, to
irrelevant operators responsible for non top masses. In
section VII we briefly show the numerical results for a
case with fully composite right top field, explaining why
the model suffers a severe tension. At the end of the pa-
per, section VIII, we draw our conclusions. In appendix
A we report, for completeness, the whole spectrum of the
main model analyzed in the text.
II. GENERAL STRUCTURE OF THE MODELS
We briefly review the framework of [17]. Beyond the
SM superfields there is a N = 1 SUSY gauge theory with
SO(4)m gauge group respecting a global symmetry Gf =
SO(5) × G. It can be viewed as the low energy theory,
via Seiberg duality, of a SQCD gauge theory based on
SO(N) gauge group with Nf = N electric quarks QI . A
mass term
Wel ⊇ mQaQa, a = 1, . . . , 5 (1)
leaves a Gf ⊆ SU(Nf ) invariance. For N ≥ 6 the theory
is asymptotically free and it flows to a IR free magnetic
theory with SO(4)m gauge group and a superpotential of
the form
Wmag ⊇ −µ2Maa + hqIMIJqJ (2)
where q and M are dubbed dual or magnetic quarks and
mesons. The magnetic quarks qI are in the fundamental
of the SO(4)m gauge group, while the mesons MIJ are
singlets. Both fields are composite in terms of the under-
lying degrees of freedom of the SO(N) UV theory. The
coupling h is not calculable within the duality recipe but
a reasonable assumption is that it reaches a Landau pole
at the same energy of the magnetic gauge coupling gm.
The parameter µ is defined as µ2 = −mΛ where Λ is the
dynamically generated scale and the hierarchy m Λ is
required.
3The term Wmag ⊃ −µ2Maa is responsible for a spon-
taneous breaking of both the global symmetry Gf and
of supersymmetry [19]. Up to global rotations, the non-
supersymmetric, metastable, vacuum is at
〈qnm〉 =
µ√
h
δnm =
f√
2
δnm , (3)
with all other fields vanishing. In eq.(3) we have decom-
posed the flavor index a = (m, 5), m,n = 1, . . . , 4, and
we have explicitly reported the SO(4)m gauge index n as
well. SUSY is broken by the non vanishing F term of
the meson FM55 = −µ2. The vacuum (3) spontaneously
breaks
SO(4)m × SO(5)→ SO(4)D , (4)
where SO(4)D is the diagonal subgroup of SO(4)m ×
SO(4). The global G is left unbroken. The six NGB’s
along the broken SO(4)m × SO(4) directions, given by
Re (qmn − qnm), are eaten by the SO(4)m magnetic gauge
fields ρµ, that become massive, while the four NGB’s
along SO(5)/SO(4)D remain massless and are identified
with the four real components of the Higgs field. At the
linear level they are contained in Re qn5 .
The SM vector fields are introduced by gauging a sub-
group of the flavor symmetry group1
Gf ⊇ SU(3)c × SU(2)0,L ×U(1)0,Y . (5)
The SU(2)0,L × U(1)0,Y gauge fields introduced in this
way are not yet the SM gauge fields, because the flavor-
color locking given by the vev eq.(3) generates a mixing
between the SO(4)m ∼= SU(2)m,L × SU(2)m,R magnetic
gauge fields and the elementary gauge fields. The mass-
less combination is identified with the actual SM vector
fields.
The four uneaten NGB haˆ can be collected within the
matrix
U = exp
(
i
√
2
f
haˆT aˆ
)
(6)
where T aˆ are the four broken generators (5 × 5 skew-
symmetric hermitian matrices satisfying TrT aˆT bˆ = δaˆbˆ,
see appendix A of [17]) and f is the decay constant of
the σ-model. The Higgs, being a NG boson of a sponta-
neous breaking of a global symmetry, could be removed
from the non derivative part of the action with a field
redefinition: however the symmetry is not exact and it is
explicitly broken by the SM gauge group and by the cou-
pling with the top (super)field, leading to a potential for
the Higgs field. We call gauge and matter contribution
1 The hypercharge is a combination of a U(1) ⊂ SO(5) and a
U(1)X ⊂ G, where the X charge is non vanishing for quarks.
respectively the contributions to this potential propor-
tional to powers of the gauge coupling and of the mix-
ings respectively. We follow the nomenclature and the
notation of [16], in particular we parametrize the Higgs
potential in the unitary gauge as
V (h) = −γs2h + βs4h + . . . . (7)
where sh = sin
h
f . We restrict to solutions with a mini-
mum with fixed value ξ = 0.1, defined as ξ = sin2 〈h〉f '
γ
2β . Since we have m
2
h ∼ ξβ we can trade the pair {ξ,mh}
for the pair {γ, β}.
III. SO(11) MODEL WITH ELEMENTARY tR
A. Structure of the Lagrangian
An explicit realization of a SUSY model where tL and
tR are elementary to start with is based on a SO(11)
gauge theory with Nf = 11 flavors, introduced in [17]. It
is a model with vector resonances as described in [16] and,
in their notation, it dynamically realizes the condition
h/
√
2 = λR = λL
2. These couplings control the top mass
and their strength is directly related to the appearance
of some top partners: the weaker they are the lighter
these top partners have to be to reproduce the top mass.
In the present setup they are naturally stronger than in
the general work of [16]. This observation will allow us,
in the next subsection, to numerically explore a different
and wider zone in parameter space than the one inspected
in [16].
The superpotential of the composite sector is
Wel = mQ
aQa − λ1
2ΛL
(QiQj)2 − λ2
2ΛL
(QiQa)2 +
+λL(ξL)
iaQiQa + λR(ξR)
iaQiQa . (8)
We split the flavor index I (I = 1, . . . , 11) in two sets
I = (i, a), a = 1, . . . , 5, i = 6, . . . , 11. The last two terms
in the superpotential are Yukawa couplings between the
SSM fields ξL,R and the fields Q
I of the composite sector.
The fields ξL,R encode tL and tR in covariant spurions.
When λL = λR = 0, the global symmetry is
Gf = SO(5)× SO(6) , (9)
with SO(5) and SO(6) acting on the Qa and Qi flavors,
respectively. The SO(11) theory becomes strongly cou-
pled at the scale Λ. Below that scale, it admits a weakly
coupled description in terms of a magnetic dual SO(4)m
gauge theory with superpotential
Wmag = −µ2Maa − 1
2
m1M
2
ij −
1
2
m2M
2
ia +
+L(ξL)
iaMia + R(ξR)
iaMia +
+hqIMIJqJ , (10)
2 These are not λL,R appearing in the following equations. We
instead kept h with the same meaning.
4where
µ2 = −mΛ , m1 = λ1Λ
2
ΛL
, m2 =
λ2Λ
2
ΛL
,
L = λLΛ , R = λRΛ , (11)
are the low energy parameters in terms of the microscopic
ones. L and R are the couplings in front of the SUSY
version of partial compositeness operators and Mia pro-
vide the needed superfield resonances. For simplicity, in
the following we take all the parameters in eq.(11), in-
cluding h, to be real and positive.
We add explicit soft SUSY breaking terms:
Vsoft = m˜
2
tL |q˜L|2 + m˜2tR |t˜R|2 + (
1
2
Mαλαλα + h.c.) +
+m˜21|Mia|2 + m˜22|Mab|2 + m˜23|qi|2 +
−m˜24|qa|2 − m˜25|Mij |2 , (12)
Because of these soft terms the vacuum eq.(3) gets mod-
ified to
〈qmn 〉 =
µ˜√
h
δmn =
f√
2
δnm, µ˜ =
√
µ2 +
m˜24
2h
. (13)
B. Numerical Analysis
We show here the numerical results from an exten-
sive scan in parameter space in the determination of
the mass spectrum of the model, particularly the Higgs
mass. We fix R by requiring the correct top mass
mt(1 TeV) ' 150 GeV and then scan randomly for the
other parameters searching for points with ξ ' 0.1. For
any such point we then extract the Higgs mass from the
exact potential and compute the full spectrum.
We find that the Higgs mass is distributed in the
range 70 GeV . mH . 160 GeV, peaking between
100 − 140 GeV. The measured value mH ' 126 GeV
is therefore a typical value for this model. For each point
of the scan we obtain the FT computing numerically the
logarithmic derivative of the logarithm of the Higgs mass
with respect to all the parameters of the model, and tak-
ing the maximum value [20]. The FT ranges between
∼ 10 and ∼ 300, the typical value being around 50, with
no evident correlation with the value of the Higgs mass.
Let us now discuss some properties of the spectrum in
the gauge sector and in the matter sector. The details of
the particle content and analytic formulae can be found
in Appendix A.
1. Gauge Sector
The mass of the spin-1 resonances is given by mρ =
gmf , up to corrections of order O(gSM/gm) due to mix-
ing with the elementary SU(2)L × U(1)Y gauge bosons.
Considerations of metastability and perturbativity fix
gm(f) ' 2.5, which means mρ ' 1950 GeV for ξ = 0.1.
Such values are still above the experimental limits from
direct searches at the LHC [21, 22],[23] for limits not from
experimental collaborations, but are in tensions with in-
direct bounds from the S parameter.
The lightest uncolored scalar resonance has a mass
bounded from above by the same value as the vector
resonance. It usually is the complex neutral singlet M55
with a mass roughly around the TeV. With less frequency
it is the Im qn5 or the lightest eigenstate of the symmetric
part of qnm.
Among the spin-1/2 states, the lightest one in our scan
is usually a wino (200 − 1200 GeV) or the doublet h˜u,d
arising from qn5 and M5n (around 1 TeV) or the state in
the (1, 3) of SU(2)L× SU(2)R coming from the magnetic
gauginos ρ and the fermions in the antisymmetric part of
qnm (in particular, the one ρ˜
±
R with Y = ±1, 600 − 1300
GeV, which does not mix with the elementary bino and
the one ρ˜3R which does mix, 200− 1200 GeV).
The goldstino, contained in the superfield M55, com-
bines with the goldstino coming from the external SUSY
breaking: a combination of the two will be eaten by the
gravitino and the orthogonal will stay in the spectrum
as a massive particle. The exact value for their masses
depends on the F terms and we can have different mixed
situations in collider experiments, leading to a cascades of
decays from neutralino to pseudogoldstino in turn decay-
ing to the true goldstino, resulting in multiphoton events
(and missing transverse energy) [24].
2. Matter Sector
As in some non-SUSY CHM, the lightest colored
fermion resonance is the exotic doublet with Y = 7/6:
the singlet with Y = 2/3 coming from a mixture of the
elementary tR and Mi5 is heavier, typically ∼ 1 TeV,
while the mass of the lightest fermion ranges up to 900
GeV.
In the case of colored spin-0 particles the spectrum
contains stops and sbottoms as well as their composite
partners and in absence of soft terms the discussion would
proceed as for fermions. Taking into accout eq.(12) the
lightest among the colored scalars is a resonance mixing
either with t˜L or with t˜R, respectively contained in a
doublet with Y = 7/6 or in a singlet with Y = 2/3.
Actually the whole bidoublet (a doublet with Y = 7/6
and a doublet with Y = 1/6) is almost degenerate in
mass, the mass difference between the two doublets being
. 100 GeV. The mass of the lightest scalar ranges from
600 GeV to 1 TeV. See fig. 1 for a scatter plot.
The gluino has a mass M3 which does not enter the
Higgs effective potential at one loop, therefore it can be
heavier than the current bounds without affecting the FT
of the model: contrary to what happens in the MSSM
the EW scale is only logarithmically sensitive to stops
masses [16]. It is also worth mentioning the existence of
the chiral superfield Mij with supersymmetric mass m1,
singlet under the electroweak group and in the symmetric
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FIG. 1: Masses of the lightest colored fermions and
scalar resonances. In shaded green we superimposed the
exclusions discussed in section IV. Colors represents
Higgs mass as indicated aside.
components of the (3 + 3¯) × (3 + 3¯) representation of
SU(3)c. Since it does not enter the Higgs potential at
one loop, its holomorphic mass m1 is free in our setup
and for consistency we take it m1 < Λ ∼ 10 TeV. In
the following we will assume that it is heavy enough and
neglect its phenomenology.
3. A Benchmark Point
We report here a benchmark point satisfying the
bounds discussed in the following section selected from
the set of the points collected with the numerical scan.
We scanned over all the following parameters, allowing
for randomly chosen O(1) values, apart from gm which
is determined by the ration µ/Λ = 10−1 and R which is
fixed by the top mass. We have
gm(f) = 2.5, m2 = 5.5 L = 2.9, R = 3.3, (14)
m˜tL = 5.2, m˜tR = 1.9, M1 = 2, M2 = 2.2,
m˜1 = 0.5, m˜2 = 0.9, m˜3 = 0.3,
m˜4 = 0.6, m˜λ = 0.5 , (15)
where mλ is a soft Majorana mass for SO(4)m gauginos
and dimensionful parameters are expressed in units of
f = 778 GeV. The value of h is fixed such that 0 '
g−1m (Λ) = h
−1(Λ). Taking into account QCD corrections
at one loop we specify
W = hqMq ⊇ 2hmqiMiaqa + hgqaMabqb (16)
since only superfields carrying an index i are colored. For
the given value of m2 we have
hm(f) = 1.9, hg(f) = 1.4 . (17)
We then obtain mh = 125.8 GeV. The vector resonances
have a mass of 2 TeV, the lightest non colored scalar has
a mass of 770 GeV and it is the SM singlet we denoted
with M55, while other EW scalars are above the TeV and
the lightest non colored fermion, besides the goldstinos,
has a mass of 1.2 TeV and the quantum numbers of a
higgsino.
Among colored states the lightest fermion is the Q =
5/3 exotic with a mass of 860 GeV and the lightest scalar
is a stop partner with a mass of 880 GeV.
IV. DETECTION BOUNDS
Given the features outlined in the previous section di-
rect searches should concentrate on colored states, in par-
ticular fermions and scalars with exotic electric charge
5/3. As stressed in Appendix A there is a consistent R-
parity charges assignment (table I): this implies, as usual,
that scalar colored partners and EW fermion partners are
pair produced and that the lightest among them is stable.
Fermionic top partners share the same R parity as el-
ementary fields, because they mix with them; since they
are a typical signature of CHM models [25] dedicated
searches exist: Q = 5/3 fermions are QCD pair produced
and each of them decays to a W boson and a top, in turn
decaying to another W and a bottom quark, therefore a
good strategy is to look for events with two same sign
leptons coming from the two W bosons [26]. Since no
excess has been observed CMS put a bound of 800 GeV
on the mass [27] of these heavy fermions.
Turning to scalar particles the lightest is a stop part-
ner and exotic scalars with Q = 5/3 are typically a
bit heavier. For such particles there are not dedicated
searches; the main decay channels for them are wino plus
the Q = 2/3 top partner, wino plus top (through its mix-
ing with the heavy doublet) and gravitino plus fermionic
Q = 5/3 partner. The branching ratios depend on the de-
tails of the spectrum. In case of light charginos and heavy
enough stop partners we can try to reinterpret the results
for sbottoms pair produced and decaying into winos and
tops: events with two b-jets and isolated same sign lep-
tons are considered by CMS in [28] and a bound is set at
550 GeV, well below the values found in the numerical
scan.
In the model presented the scalar with Q = 5/3 is al-
most degenerate with a full bidoublet of SO(4), namely
with other scalars with 1/3 and 2/3 electric charge. As it
happens for the fermionic partners Higgs vev insertions
and the mixings L,R 6= 0 affect the masses of these par-
ticles and remove this degeneracy inducing splitting of
order 100 GeV. Thus we analyze limits on the masses of
the other components of the bidoublet: in particular the
scalar with Q = 2/3 would behave similarly to a stop
with decoupled gluinos. Bounds on stops decaying into
top and neutralino or bottom and chargino in events with
one isolated lepton are derived by CMS from the full 19.5
fb−1 dataset and stops are excluded with a mass approx-
imatively below 650 GeV [29].
Also CMS collaboration provides a stronger bound, of
750 GeV [30], on pair produced stops each decaying into
top and neutralinos using razor variables.
6800 1000 1200 1400 1600 1800 200010
!5
0.001
0.1
10
1000
MX !GeV"
Σ
!fb" scalar 8 TeVscalar 14 TeV
fermion 8 TeV
fermion 14 TeV
FIG. 2: Pair production cross sections at LHC through
QCD interactions. Dashed lines are the LO values,
computed with MADGRAPH 5 [31], using CTEQ6L
PDFs and the model produced with the package
FEYNRULES [32]; solid lines are the NLO, using a
common KNLO = 1.5.
Finally we stress that the simultaneous presence
of fermions and scalars in the same mass range can
strengthen the respective exclusion limits. Also in our
setup multiple scalar stop partners appear (see Appendix
A) and each of these can be produced and decay at the
LHC thus heightening the number of expected events
and consequently the exclusion bounds. We denote with
σ(M) the pair production cross section of one scalar top
partner with mass M and with Mexcl,n the excluded mass
in case of n identical scalars; if we assume a BR = 1 in
top and neutralino we estimate
nσ(Mexcl,n) = σ(Mexcl,1) ⇒
Mexcl,n = σ
−1(
σ(Mexcl,1)
n
) (18)
assuming that the production cross section for n particles
is just n times the case with a single scalar in the spec-
trum: we neglect decay chains and mutual interactions
which deserve a dedicated study. We numerically have
Mexcl,n −Mexcl,1
Mexcl,1
' 0.1 for n = 2, 3. (19)
Turning to non colored states the lightest particles
are fermions with quantum numbers of EW gauginos
or higgsinos. As recently summarized in [33] limits on
charginos and neutralinos pair produced have been set by
ATLAS [34] and CMS [35]: with all sleptons and sneu-
trinos decoupled they set limits at 350 GeV from events
with three or more leptons in the final state. This anal-
ysis also allows CMS to put bounds on sbottoms and
excludes at 95% CL masses below 570 GeV.
Projections for exclusion limits for scalar and fermionic
top partners from LHC at a center of mass energy of 14
TeV can be obtained simply rescaling integrated lumi-
nosities3. Fig. 3 clearly shows that higher luminosities,
3 ATLAS published projections for future sensitivities in [36].
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FIG. 3: Expected exclusion bounds on masses of the
lightest fermionic (left panel) and scalar (right panel)
top partners from 75 (dashed line) and 300 (solid line)
fb−1 at
√
s = 14 TeV. The dotted lines correspond to
present bounds at 800 and 750 GeV discussed in the
text.
and higher center of mass energies, data will probe the
relevant part of the parameter space. We expect they
will be able to exclude exotic 5/3 charge fermions up
to 1400 (1650) GeV and scalars up to 1300 (1550) GeV
with data corresponding to an integrated luminosity of 75
(300) fb−1, assuming BRs = 1 for Q = 5/3 fermions into
W and top; the Q = 2/3 scalar is assumed to decay only
to top and neutralino so to apply the analysis of [30].
We also point out that for fermions the single produc-
tion becomes more important than the pair production
increasing the partner’s mass and it takes over for heavy
masses generically in the range 700 - 1000 TeV, both at 8
and 14 TeV. The single production does not go through
QCD interaction and it is model dependent, it mainly
happens as a W and t fusion and it is generated by the
mixing given by partial compositeness, therefore we do
not expect the presence of SUSY to alter it significantly.
We refer to [37] for a more refined discussion.
We conclude this section noting that we can interpret
already existing experimental searches to exclude por-
tions of the parameters space of the model in section III:
we expect future experiments, LHC at 14 TeV will play
a preponderant role, to further probe it and constrain it
to regions with higher level of FT.
7V. SOFT DEFORMATION OF THE VACUUM
In this section we turn back to the model building and
we study soft deformations including, besides scalar and
gaugino masses as in eq.(12), A and B terms for the cou-
plings in the superpotential eq.(10). They cannot be de-
rived from the parameters of the electric theory, namely
the techniques employed to follow the soft masses [38]
cannot be used in the case of A and B terms because the
former can be computed exactly only in absence of any
superpotential and thus they are expected to be valid up
to perturbative corrections in couplings, while the latter
are identically zero if the superpotential vanishes.
The most general soft terms may lead to unwanted
tachyonic directions and we restrict to safe cases where
they only modify the spectrum: this happens if they are
not too large with respect to the holomorphic and soft
masses. The presence of B terms for the electric quarks
induces a term of the form
Lsoft ⊇ −µ2Bµ2TrM (20)
which introduces a new qualitative feature, even for arbi-
trary small Bµ2 . In fact the scalar potential now includes
V ⊇ |2hMnnqnm|2 + |hqnmqnm − µ2|2 + (21)
+(µ2Bµ2Maa + h.c.) + m˜
2
2|Mnn|2 − m˜24|qnm|2 .
The vev of the magnetic quarks, eq.(13), becomes
〈qmn 〉 =
µ˜√
h
δmn , (22)
where
µ˜ '
√
µ2 +
m˜24
2h
− hµ
4(Bµ2)
2√
µ2 +
m˜24
2h (4hµ
2 + 2m˜24 + m˜
2
2)
2
(23)
expanding for small Bµ2 : the true value for µ˜ is a solution
of a cubic equation. At the same time magnetic mesons
also acquire a vev
〈M55〉 = X5, 〈Mmn〉 = Xδmn (24)
where X5 = −
µ2Bµ2
m˜22
X = − µ
2Bµ2
4hµ˜2+m˜22
. (25)
The spectrum of the theory gets modified but the only
qualitative difference is about the Goldstone bosons: the
four uneaten ones, identified with the Higgs, are now
contained in the massless combination
cosα Re qn5 + sinα Re M5n , (26)
where
sinα =
2(X −X5)
f
. (27)
Their kinetic term comes from |Dµqa|2 and |DµMab|2;
at the non linear level they are described by a σ-model
through a matrix U as in eq.(6) with a new decay con-
stant
f =
√
2
h
(
µ˜2 + 2h(X −X5)2
)
. (28)
In the limit of vanishing B term we have X = X5 = 0 and
cosα = 1. For numerical analysis we work in the regime
of small Bµ2 , in particular we neglect its effects on the
Higgs mass: this is consistent as long as the suppression
between Bµ2 and other masses, both holomorphic and
soft, is at least of the order of one loop effects.
In the next section we couple SM fermions pairs to the
Higgs field exactly through its small component along the
meson M5n.
VI. QUARK MASSES
A. Generation
The plain generalization of partial compositeness in
our SUSY setup to all quarks and leptons does not
work: it requires the presence of a large number of (su-
per)partners, leading to tremendously large flavor sym-
metry of the composite sector and aggravating the prob-
lem of SM Landau poles. A sizeable contribution to the
QCD beta function comes from the dual mesons in the
adjoint of the flavor symmetry, which contains as a sub-
group SU(3)c. For N partially composite quarks we have
a global SO(6)
N
, included in a simple SO(6N) global
symmetry of the strongly interacting SQCD: the pres-
ence of such a large group and the presence of mesons in
its adjoint representation make impracticable the exten-
sion of partial compositeness even only for the bottom.
Therefore we abandon it for all the fermions but the top.
Ordinary non SUSY models are less touched by this prob-
lem and they can accommodate partners for all quarks
without introducing Landau poles below 4pif ' Λ, the
UV cutoff. Then they can be completed, at least in prin-
ciple, by models with a non simple group of global sym-
metries, in contrast to what happens in our setup.
We need a further explicit breaking of the SO(5) global
symmetry, proportional to two matrices λABU and λ
AB
D
where A,B = 1, 2, 3 are family indices. The extension to
leptons through another pair of matrices is straightfor-
ward. Deformations in the electric superpotential4
Wel ⊇ λ
AB
U
ΛL
(
ξiaL,U
)A(
ξibU
)B
QaQb + (29)
+
λABD
ΛL
(
ξiaL,D
)A(
ξibD
)B
QaQb
4 The simplest way to induce these operators, as well as the ones
in eq.(8), is through the exchange of heavy chiral superfields,
schematically W = λABξAΦξB +QΦQ+ ΛL
2
Φ2.
8generate Yukawa terms if the dual mesons Mab ∼ QaQbΛ
get a vev, eq.(24). ξL,U and ξU are the spurionic embed-
dings of up type quarks in a fundamental of SO(5). ξL,D
and ξD are the spurions for down type quarks and can
be defined in analogy to the up case but with a differ-
ent X charge assignment, X = −1/3. The most general
low-energy Lagrangian will contain
L ⊇ q¯ALεuBRHc + q¯ALλABu uBRHc + q¯LAλABd dBRH + ...+ h.c.
(30)
where λu,d = λ
†
U,D
Λ
ΛL
sinα5 and the dots stand for higher
dimensional operators: eq.(30) arises from the expansion
in powers of f−1 of Mab = Uca〈Mcd〉Udb once we make ex-
plicit the Higgs dependence through the matrix U defined
in eq.(6). H is the Higgs doublet H =
(
H(+), H(0)
)t
=
1√
2
(
ih1 + h2,−ih3 + h4)t. Without loss of generality we
can go to the top basis in which ε ∼ AL∗BRf2 is different
from zero only for A = B = 3: this is the term gen-
erated by the mixings in eq.(11). The second and the
third terms in eq.(30) are the new operators responsible
for the other quark masses. They have similarities with
technicolor theories, where quark bilinears are coupled to
an operator H arising from a strongly interacting theory
and responsible for EW breaking. The main differences
are first that in our case the Higgs is protected by a shift
symmetry and second that this coupling is not the dom-
inant source for the top mass.
To estimate the size of these masses we restrict for a
moment on a single generation:
L ∼ λD sinα Λ
ΛL
v b¯RbL + h.c. (31)
where v = 246 GeV is the Higgs vev and Λ is the crossover
scale dynamically generated mentioned in section II. If
ΛL ∼ 10Λ the correct value for the bottom mass can be
reached with λD = O(1) and sinα ∼ 0.1. As discussed in
[17] a natural value for Λ is around 10 TeV while ΛL can
be chosen to be the scale of Landau poles for SU(3)c, in
the region 102 - 103 TeV. Other quarks require smaller
couplings: we do not explain neither the hierarchy among
SM masses nor the hierarchical structure of the CKM ma-
trix, we assume them and we only distinguish between
the top, partially composite, and other quarks, elemen-
tary. This different origin of the masses results in the
splitting between the top and other quarks, making them
naturally live at two different scales.
Finally we define Yd = λd and Yu = λu + ε; they can
be brought to diagonal form with
Yu,d → Y diagu,d = V †u,dYu,dUu,d . (32)
If we perform the transformations Vd, Uu and Ud we go to
the basis in which Yd is diagonal, while Yu → V †d VuY diagu
5 The dagger is only for notational convenience.
and we can define the CKM matrix VCKM = V
†
uVd. Thus
λu → V †d λuUu = V †CKMY diagu − V †d εUu . (33)
Since the matrix V †d εUu has arbitrary entries the second
term signals a departure from MFV. In the next subsec-
tion we elaborate on it and on its consequences.
B. Flavor Constraints
A number of processes involving transitions in flavor
space, ∆F = 0, 1, 2, results in flavor and CP observables
and they very often receive sizeable contributions from
the presence of new physics, which in a broad class of
CHM are mainly induced by the mixing of quarks with
their partners. Despite the fact that these mixings are re-
lated to SM Yukawas the resulting suppression might be
not enough for a generic composite sector and additional
flavor symmetries are frequently postulated: a recent re-
view is provided in [39]. If light quarks are not par-
tially composite, that is there are no mixings with bound
states, these contributions are absent: this is almost the
case for the interactions introduced in subsection VI A,
we will formulate a more precise statement later in this
subsection.
On the other hand our model exhibits the same ten-
sions of the MSSM, due to the presence of sparticles
around the TeV scale: squark mass matrices cannot be
completely anarchic. Solutions to regulate the contribu-
tions to flavor processes are either to assume a certain
level of degeneracy or alignment among squarks masses
or to rely on some hierarchy between the first two genera-
tions and the third one, without threatening the natural-
ness, ending up with a scenario close to effective SUSY,
depicted for instance in [40] where a discussion on fla-
vor processes is also present. Correlations among new
physics contributions in different processes could help in
the future to distinguish among these possibilities [41].
We derive our results with aligned squarks masses6 and
we allow for small misalignment treated in the mass in-
sertion approximation.
We do not perform a full analysis of all existent bounds;
we instead concentrate in what follows on the effects of
the physics leading to the superpotential in eq.(29): at
the scale ΛL other operators are plausibly generated. Un-
der the spurionic flavor group U(3)q ×U(3)u ×U(3)d we
assign the quantum numbers:
qL ∼ (3, 1, 1), ucR ∼ (1, 3¯, 1), dcR ∼ (1, 1, 3¯),
λu ∼ (3, 3¯, 1), λd ∼ (3, 1, 3¯) . (34)
Compatibly with these charges, with gauge invariance
and with the holomorphy of the superpotential we can
6 Alignment is nicely realized in a variety of SUSY breaking medi-
ation schemes: for instance in gauge mediation A-terms vanishes
at the mediation scale.
9write the following dimension five operators7,8
W ⊇ a1
ΛL
(ucRλUqL) (d
c
RλDqL) + (35)
+
a2
ΛL
(
ucRλU t
AˆqL
)(
dcRλDt
AˆqL
)
=
=
Y ABCD
ΛL
[
a1
(
ucR,AqL,B
) (
dcR,CqL,D
)
+ a2
(
ucR,At
AˆqL,B
)(
dcR,Ct
AˆqL,D
)]
where Y ABCD = λABU λ
CD
D . Dimension five operators
in the MSSM are discussed in [42–44]: they results in,
among other terms, contact interactions between two
quarks and two squarks. We assign the couplings λu,d
to the vertices quark-squark-higgsino, neglecting devia-
tions for tops, stops and left sbottoms. With higgsino
exchange we draw one loop diagrams contributing to
four fermions interactions, experimentally constrained by
∆F = 2 transitions in mesons. The resulting operator is
(d¯R,CkdL,Dl)(d¯L,EidR,Fj)
λEAu λ
BF
d
(4pi)
2
m˜ΛL
· (36)
·
{
δijδkl
[
Y ABCD(a1 − a2
6
)− Y ADCB a2
2
]
−
B ↔ D
j ↔ l

}
,
where m˜ is a common soft mass for the squarks and the
higgsino in the loop. For operators of the form
c
Λ2F
(d¯RdL)(d¯LdR) (37)
the most stringent bounds come from kaons (the
strongest is on the CP violating part). The Wilson coef-
ficient computed from eq.(36) identically vanishes, even
in the non MFV limit of eq.(33). Non aligned squark
masses at ε = 0 results, in the mass insertion approxima-
tion, in (the hadronic matrix element with j ↔ l is less
significant by a factor of 3 [46, 47])
c
Λ2F
' 1
(4pi)
2
m˜ΛL
A2λ5
(
ΛL
Λ sinα
)4
ydysy
2
t δ
⇒
{
ΛF = 1 TeV
c ' 10−8δ
(
1TeV
m˜
)(
100TeV
ΛL
)
(38)
where for concreteness we fix a1 = a2 = 1; A and
λ are the parameters appearing in the Wolfenstein
parametrization of the CKM matrix and δ measures the
relevant misalignment of squarks: it is the mixing of the
first two families left handed squarks normalized with a
common mass m˜2, δ =
(m˜2Q)1,2
m˜2 . From [45] we easily read:
Re c < 6.9×10−9 , Im c < 2.6×10−11 if ΛF = 1 TeV .
(39)
7 At high energies the flavor spurions are λU,D and not λu,d, the
difference being a factor ΛL
Λ sinα
∼ 100.
8 tAˆ are the SU(3)c generators such that tAˆijt
Aˆ
kl =
1
2
(δilδjk −
1
3
δijδkl).
Bounds from box diagrams for different processes, with
squarks and gluinos at 1 TeV, are stronger, they set for
δ an upper bound around 10−2, see [48] and references
therein9, resulting in c ' 10−10, below the bound eq.(39)
(the bound on the CP violating effect computed here is
not fully satisfied, it needs a1 ' a2 = O(10−1) or so, or
smaller δ). The numerical value of c is of the same order
also with general ε.
Similarly the up-type quarks are involved in D mesons
oscillations: in this case the calculation is performed in
the up-type mass basis, that is
λu = Y
diag
u − V †u εUu , λd = VCKMY diagd . (40)
The relevant operator has the same form as in eq.(36)
with the exchange u ↔ d. In this case the coefficient
is identically zero only if ε = 0, and for ε = O(1) it is
controlled by
(
ΛL
Λ sinα
)2
y2bAλ
2; its value can be recast as
ΛF = 1 TeV, c ' 10−10
(
1 TeV
m˜
)(
100 TeV
ΛL
)
(41)
with a1 = a2 = 1, below the experimental constraints,
c < 10−8 [45]. Small squarks mass insertions do not
change this numerical value10.
Hence we can infer that the inclusion of eq.(35) does
not reintroduce violations and does not hack the solution
settled to avoid flavor problems.
At the same time a completely generic structure for
λu,d is disfavored: in fact although there are heavy
fermionic partners only for one family they linearly mix
with all the three up type quarks. In other words the
third up quark, the one which is partially composite, is
not exactly the top in the basis in which (L,R)A ∼ δ3A:
this might induce operators of the form (c¯RuL)(c¯LuR)
through the tree level exchange of heavy resonances at
their mass scale, which we fix at 1 TeV. This operator is
controlled by
c ' (U∗d )32(Vu)31(V ∗u )32(Ud)31 (42)
and the same bound as before applies here, c < 10−8,
therefore the rotation matrices Vu and Ud cannot be fully
generic. A possible way out is to assume that in the
discussed basis one of the two top partners, either the
right or the left one, does not couple to the quarks of the
two other generations; a second possibility is to assume
that Vu and Ud have some hierarchical structure which
might be related to the CKM matrix or to the hierarchy
among families. Both would be consequences of the form
of λu and λd perhaps explained by physics at the cutoff
scale ΛF and we do not discuss them further.
9 Notice that in box diagrams down squarks run into the loop while
loops with vertices from eq.(35) are sensitive to up squark mass
insertions, constrained by box diagrams for D − D¯ oscillation.
10 Bounds on down-type squark mass mixings are reported in [49,
50].
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VII. SO(9) MODEL WITH COMPOSITE tR
A. Structure of the Lagrangian
As emphasized in [10] in minimal CHM with mat-
ter embedded in the fundamental and composite tR the
Higgs mass is predicted to be too light, regardless the
presence of SUSY which does not play a role in the ar-
gument. In the model we are going to analyze there is
an extra source of explicit SO(5) breaking but we show
how it is not sufficient and why also in this case we do
not evade the general conclusion.
An explicit realization of a SUSY model where tR is
fully composite is based on a SO(9) chiral gauge theory
with Nf = 9 flavors [17], in a way similar to the model
of section III. We sketch here the salient features and
we refer to the original paper for the details irrelevant
for our present discussion. ξia and φia, neutral under the
gauge group, are the spurion containing qL and a new ex-
otic field. When they are decoupled the unbroken global
symmetry is Gf = SO(5)×SU(4). The new field, SU(2)L
singlet with hypercharge 2 contained in the spurion φ, is
necessary for anomaly cancellation. Notice that it is el-
ementary, we cannot take it arising within the strongly
interacting gauge theory because the latter is well defined
and it is not left unspecified. The explicit embeddings in
spurions are given in eq.(4.4) of [17].
The SO(9) theory becomes strongly coupled at the
scale Λ and at lower energies it is described by an emer-
gent SO(4)m gauge theory. The elementary fields couple
to the SO(4)m mesons through the mass mixing t and
φ.
The spontaneous SUSY breaking is not enough to give
a sizable mass to the SSM sparticles, so we add explicit
soft breaking terms to the theory. We also add SUSY
breaking terms in the composite sector, by assuming that
they respect the global symmetry Gf .
A linear combination of fermions given by tL and the
appropriate components of ψMim remains massless and
is identified with the SM left-handed top. The right top
superfield is contained in the meson Mi5 ∼ QiQ5.
B. Numerical Analysis
The next step is the computation of the effective ac-
tion for the Higgs field, performed in the unitary gauge.
As we mentioned before the Higgs is a NG boson of a
spontaneous breaking of a global symmetry: the broken
symmetry is not exact and it is explicitly broken by the
SM EW gauge group and by the couplings t and φ. In
the matter contribution we further distinguish between
colored and non colored exotic fields. We then perform
a numerical scan in the parameter space.
The value of t is fixed by the top mass; the mixing φ
of the non colored field is in principle free. γg, γ
(c)
m and
γ
(nc)
m are equally important and they cancel against each
other: the size of these cancellations is a lower bound on
the FT. For what concern the coefficient of the quartic
term we have β ∼ βm  βg.
The Higgs turns out to be too light (∼ 100 GeV) un-
less a sizable source of SO(5) breaking comes from the
non colored sector, as in fact was expected by simple ar-
guments based on general assumptions resumed in [16].
Since the Higgs mass square is proportional to the sum
β
(c)
m + β
(nc)
m in principle raising the non colored contri-
bution controlled by φ would be sufficient. At the same
time large values for φ are disfavored because generally
γ
(nc)
m < 0 and it tends to align the Higgs in a EW preserv-
ing vacuum. Due to this tension the model as it stands
is excluded. We have chosen to report the results be-
cause, despite SUSY, the construction is quite minimal
and we expect it to be representative for more general
examples: it embodies a composite top right model with
the addition of an extra massive singlet. The situation
can be improved if we introduce more FT: due to the log-
arithmic dependence on soft masses we would need stops
at a scale O(100) TeV, definitely losing the naturalness.
We can also introduce more complication in the model
or focus on SO(5) representations different from the fun-
damental, but we do not continue along this path.
VIII. CONCLUSIONS
We have studied SUSY models of composite Higgs,
namely we concentrate on numerical results for some
models previously introduced. While the specific real-
ization with a fully composite top right does not repro-
duce the correct Higgs mass value at the chosen reference
value of ξ = 0.1, and not even for reasonably more tuned
values, the model with partially composite top quark can
accommodate it.
We thus derived bounds on new particles’ masses rein-
terpreting existing searches at LHC. The model is not ex-
cluded and interestingly enough some lighter states could
be accessible soon at 14 TeV: in particular fermionic
partners, especially with exotic hypercharge, would be a
smoking gun of composite Higgs model and on top of that
our supersymmetric setup would predict the existence of
scalar partners in the same range of masses, below the
TeV.
Given the kindness of the model we decided to take few
steps further and study a possible mechanism to commu-
nicate EWSB to all SM quarks and give them masses. It
relies on the generation of dimension five operators at a
scale chosen at 100 − 1000 TeV and on the presence of
a slightly more complicated, but more general, vacuum
structure. In this way the top mass and other masses are
qualitatively different and we account for the observed
hierarchy.
The model shares the same tensions coming from flavor
constraints as the more conventional framework of the
MSSM and no additional troubles are introduced once
irrelevant deformations are turned on: we thus expect
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to employ existing ideas to avoid flavor bounds, as for
instance alignment among squark masses.
Also we noticed that the presence of top resonances can
induce unwanted flavor violations if the UV structure of
the model is completely generic: the solution might be
related to the origin of the hierarchies in the quark sector
and we did not investigate it in detail.
Precision measurements together with already existing
searches at colliders steer us to gain useful insights. Fu-
ture experiments will eventually hint some new physics,
either in the form of some direct detection or in some de-
viations, or will bring us to regions of higher and higher
tuning where more radical ideas will be needed. We thus
reserve the possibility to better investigate this class of
models and make more precise predictions, taking advan-
tage of their self contained validity as effective theories
up to scales of the order 100 − 1000 TeV.
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Appendix A: Spectrum of SO(11) Model
We present here the particle spectrum of the model in
section III, neglecting EWSB effects and the vev eq.(24).
Throughout the paper we have defined the gauge sector
as the one which contributes to the one loop Higgs po-
tential via the SM electroweak gauge couplings, while the
matter sector as the one which contributes through the
mixings . This classification reflects also the R-parity
assignment for the superfields: it is the same as the one
of the corresponding SM superfield with which the field
mixes.
W,B,G ρm q
n
a Mab qL tR Mia q
n
i Mij
RP + + + + − − − − +
TABLE I: RP assignment of the lowest component of
the superfields.
1. Gauge Sector
Field Mass (SU(3)c,SU(2)L,U(1)Y )
Real: qρL
√
(g2m + g
2
0)f
2 − 2m˜24 (1, 3, 0)
Real: q3ρR
√
(g2m + g
′2
0 )f
2 − 2m˜24 (1, 1, 0)
q+ρR
√
g2mf2 − 2m˜24 (1, 1, 1) + h.c.
Hd
√
2h2f2 − 2m˜24 (1, 2,− 12 ) + h.c.
Reals: s1,2q (
√
2hf,
√
2h2f2 − 2m˜24) (1, 1, 0)
Reals: φ1,2q±,0 (
√
2hf,
√
2h2f2 − 2m˜24) (1, 3, (±1, 0))
Mu,d
√
h2f2 + m˜22 (1, 2,± 12 ) + h.c.
sM
√
2h2f2 + m˜22 (1, 1, 0) + h.c.
φM±,0
√
2h2f2 + m˜22 (1, 3, (±1, 0)) + h.c.
M55
√
m˜22 + δm˜
2
55 (1, 1, 0) + h.c.
(a)
Field Mass (SU(3)c,SU(2)L,U(1)Y )
ρ±1 fgm (1, 1,±1)
ρB f
√
g2m + g
′2
0 (1, 1, 0)
ρW f
√
g2m + g
2
0 (1, 3, 0)
(b)
Field Mass (SU(3)c, SU(2)L,U(1)Y )
ρ˜aL, q˜
a
ρL, w˜
a Mw˜ (1, 3, 0)
ρ˜3R, q˜
3
ρR, b˜ Mb˜ (1, 1, 0)
ρ˜±R, q˜
±
ρR m
±
ρ (1, 1,±1)
h˜u,d hf (1, 2,± 12 )
φ˜±,0, s˜
√
2hf (1, 3, (±1, 0)) + (1, 1, 0)
ψM55 mψM55 (1, 1, 0)
g˜ m3/2 (1, 1, 0)
(c)
TABLE II: Spectrum of heavy gauge fields: (a) scalars,
(b) vectors, (c) fermions.
(Mw˜)2 =
m2λ + g2mf2 igmmλf −g20f−igmmλf (g2m + g20)f2 ig0M2f
−g20f2 −ig0M2f M22 + 2g20f2

(Mb˜)2 = (Mw˜)2 with {g0 → g′0, M2 →M1}
(m±ρ )
2 = f2g2m +
m2λ
2
± mλ
2
√
4f2g2m +m
2
λ, (A1)
mλ is a soft Majorana mass for SO(4)m gauginos.
Mw˜,Mb˜ and m±ρ are Majorana masses.
2. Matter Sector
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Field Mass (SU(3)c, SU(2)L,U(1)Y )
q˜L, qM , qq M1/6qL (3, 2, 16 )
Q˜
1/6
± m˜
1/6
Q± (3, 2,
1
6
)
˜¯Q
−1/6
± m˜
−1/6
Q¯± (3¯, 2,− 16 )
X˜
7/6
± m˜
7/6
X± (3, 2,
7
6
)
˜¯X
−7/6
± m˜
−7/6
X¯± (3¯, 2,− 76 )
t˜R, S˜
−2/3 m˜−2/3
S˜± (3¯, 1,− 23 )
˜¯S2/3 m˜S¯2/3 (3, 1,− 23 )
(a)
Field Mass (SU(3)c, SU(2)L,U(1)Y )
Q
1/6
± m
1/6
Q± (3, 2,
1
6
)
X
7/6
± m
7/6
X± (3, 2,
7
6
)
S−2/3 mS (3¯, 1,− 23 )
(b)
TABLE III: Spectrum of heavy matter fields: (a)
scalars, (b) fermions.
(
M1/6qL
)2
=

m˜2tL +
2L
2 −m2L2√2
hf√
2
L
−m2L
2
√
2
h2f2 +
m22+m˜
2
1
4 −hfm22
hf√
2
L −hfm22 h2f2 + m˜23
 ,
(m˜
−1/6
Q¯± )
2 =
1
8
(
8h2f2 +m22 + m˜
2
1 + 4m˜
2
3 + 2
2
L
)
± 1
8
(
16h2f2m22 +m
4
2 + 2m
2
2m˜
2
1 − 8m22m˜23+
+4m22
2
L + m˜
4
1 − 8m˜21m˜23 + 4m˜212L + 16m˜43+
−16m˜232L + 44L
)1/2
,
(m˜
7/6
X±)
2 = (m˜
−7/6
X¯± )
2 = (m˜
−1/6
Q¯1,2
)2 with L = 0 ,
(m˜S¯2/3)
2 =
m22 + m˜
2
1 + 2
2
R
4
,
(m˜
−2/3
S˜± )
2 =
1
8
(
m22 + m˜
2
1 + 4m˜
2
tR + 2
2
R
)
+
± 1
8
(
m42 + 2m
2
2(m˜
2
1 − 4m˜2tR + 22R) +
+(m˜21 − 4m˜2tR − 22R)2
)1/2
.
(m
1/6
Q±)
2 =
1
8
(
m22 + 2
2
L + 8h
2f2+
±
√
m42 + 4m
2
2
2
L + 4
4
L + 16h
2f2
)
,
(m
7/6
X±)
2 = h2f2 +
m2
8
(
m2 ±
√
m22 + 16h
2f2
)
,
mS =
1
2
√
m22 + 2
2
R ,
mtop =
hv
√
2
√(
1 + 2h
2v2
ξ2L
)(
1 +
m22
22R
) .
(A2)
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